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(57) [ Abstract ] 

[ Object ] It is an object of the invention to provide an optical semiconductor element 
comprising a III-V mixed crystal semiconductor epitaxially grown on an Si substrate, 
enabling monolithic integration with Si electronic elements. 

[ Constitution ] An Si-MOSFET and a laser diode comprising lattice-matched GaNP 
cladding layers and an active layer composed of a GaNP/GaNA stress-compensated 
superlattice are integrated onto an Si substrate crystal. Onto this same substrate crystal 
are integrated an Si-MOSFET and a PIN photodiode having a GaNP/GaNA stress- 
compensated superlattice. These optical semiconductor elements are coupled by means 
an optical waveguide provided within the Si substrate crystal. 
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[ Effects J According to the invention, it is possible to epitaxially grow a III- V mixed 
crystal semiconductor on an Si substrate without creating misfit dislocations, whereby it 
possible to provide a semiconductor element capable of monolithic integration with Si 
electronic elements and adaptable for use in OEICs. 
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[key] 

1 1 : n Si substrate 
12: n* Si cladding layer 
13: n" Si core layer 
14. n + Si cladding layer 
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[ Claims ] 

[ Claim 1 J A semiconductor element employing a nitrogen-based mixed crystal 
semiconductor Al(a)Ga(b)In(l-a-b)N(x)P(y)As(z)Sb(l-x-y.z) (0 £ a < 1, 0 < b < 1, 
0<x<l,0£y<l,0<z<l), wherein said semiconductor element is characterized in 
that lattice strain within the plurality of semiconductor layers of the semiconductor 
element is below the critical strain level that gives rise to misfit dislocations. 
[ Claim 2 ] The semiconductor element according to claim 1 wherein lattice strain within 
said semiconductor layers is within ±4%. 

I Claim 3 ] A semiconductor element employing a layer with compensated stress 
composed of a layer having compression strain and a layer having tensile strain stacked 
together, wherein said semiconductor element is characterized in that the material for said 
layer having tensile strain is a nitrogen-based mixed crystal semiconductor Al(a)Ga(b) 
In(l-a-b)N(x)P(y)As(z)Sb(l-x-y-z) (0<a<l,0<b<l,0<x<l,0<y<l,O<z<l). 
[ Claim 4 ] The semiconductor element according to any of claims 1 to 3 wherein said 
semiconductor element is expitaxially grown on Si crystal. 

I Claim 5 ] The semiconductor element according to claim 4 wherein lattice mismatch 
a-vis Si of the plurality of semiconductor layers of the semiconductor element is below 
critical strain levels giving rise to misfit dislocations in all temperature zones employed in 
the fabrication process. 

[ Claim 6 ] The semiconductor element according to claim 4 wherein lattice mismatch vis 
a-vis Si of a plurality of semiconductor layers of > 0. 1 um thickness is within ±0. 1% in all 
temperature zones employed in the fabrication process. 
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I Claim 7 J The semiconductor element according to any of claims 1 to 3 wherein said 
semiconductor element is epitaxially grown in GaP or A1P crystal. 
[ Claim 8 J The semiconductor element according to any of claims 1 to 3 wherein said 
semiconductor element is a laser diode. 

I Claim 9 J The semiconductor element according to claim 8 wherein a layer with 
compensated stress composed of a layer having compression strain and a layer having 
tensile strain stacked together is employed as the active layer of said laser diode. 
I Claim 10 ] The semiconductor element according to claim 8 wherein the material for the 
cladding layers or guide layer of said laser diode is Al(a)Ga(l-a)N(x)P(l-x) (0 < a < 1, 0 < 
x< 1). 

[ Claim 1 1 ] The semiconductor element according to claim 8 wherein said laser diode is 
of surface-emitting type; and at least one material selected from II-V1 semiconductors 
such as GaP, A1P, GaNP, A1NP, Si, and ZnS is employed as the material for a multilayer 
film mirror. 

[ Claim 12 ] The semiconductor element according to claim 8 wherein the material for the 
cladding layers or guide layer of said laser diode is Si. 

[ Claim 13 ] The semiconductor element according to any of claims 1 to 7 wherein said 
semiconductor element is a laser diode. 

[ Claim 14 ] The semiconductor element according to claim 13 wherein the material for 
the photoabsorbing layer of said laser diode is a nitrogen-based mixed crystal 
semiconductor Al(a)Ga(b)In(l-a-b)N(x)P(y)As(z)Sb(l-x-y-z) (0 < a < 1, 0 s b < 1, 
0<x<l, 0<y< 1, 0<z< 1). 



5 



IS 



# • 

[ Claim 15 ] The semiconductor element according to claim 13 wherein a layer with 
compensated stress composed of a layer having compression strain and a layer having 
tensile strain stacked together is employed as the photoabsorbing layer of said laser diode 
[ Claim 16 ] The semiconductor element according to claim 13 wherein said laser diode 
of avalanche multiplying type; and the material for the multiplying layer is Si. 

[ Claim 17 J The semiconductor element according to claim 5 or 6 wherein said 

semiconductor element is integrated with an Si electronic element. 

[ Claim 18 ] The semiconductor element according to claim 17 wherein said 

semiconductor element is an optical semiconductor element. 

[ Claim 19 ] The semiconductor element according to claim 18 wherein the wavelength of 
the light used in said optical semiconductor element is transparent to Si [sic]. 
[ Claim 20 ] An optical semiconductor element for use in an optoelectronic integrated 
circuit, wherein said semiconductor element is characterized in that an optical circuit is 
formed within the substrate. 

[ Claim 21 ] A semiconductor element characterized by employing as the material for the 
electrode contact layer a < 0.5 eV narrow band gap or metalloid nitrogen-based mixed 
crystal semiconductor. 

[ Claim 22 J A compound semiconductor optical semiconductor element produced 
substrate of Si, GaP, [or] A1P, wherein said semiconductor element is characterized by 
employing Si as the material for the electrode contact layer. 
[ Claim 23 ] A semiconductor element employing a nitrogen-based mixed crystal 
semiconductor Al(a)Ga(b)In(l-a-b)N(x)P(y)As( Z )Sb(l-x-y-z) (0 < a < 1, 0 < b < 1, 
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0<x<l, 0<y<l, 0<z<l), wherein said semiconductor element is characterized in 
that the AJGalnNPAsSb is epitaxially grown using active nitrogen as the nitrogen source 
under high vacuum of 1 0'-2 (where ' denotes a superscript, so that 1 0'-2 represents 1 0 to 
the -2 power) torr or lower. 

[ Claim 24 J A semiconductor element employing a nitrogen-based mixed crystal 
semiconductor AlGalnNPAsSb, wherein said semiconductor element is characterized in 
that C, Be, Si, [or] Sn is used as an impurity for the AlGalnNPAsSb. 
[ Detailed Description of the Invention J 
I 0001 J 

[ Field of Industrial Utilization ] The present invention relates to a semiconductor 
element, optical semiconductor element integratable with Si electronic elements. 
[ 0002 J 

[ Prior Art ] Semiconductor technology has been developed to date primarily based on 
silicon. From the first transistor devices to ICs (integrated circuits) and VLSI (very large 
scale integrated circuits), the scale of integration has increased, and this increase in the 
scale of integration is expected to continue in the future. With increases in the scale of 
integration, however, there exists the possibility that increases in operating speed will be 
limited by electric signal delay in the lines. Optical signal interconnections have attracted 
attention as a possible countermeasure. Monolithic integration of Si electronic devices 
with m-V compound semiconductor optical elements is considered to be an important 
basic technology by means of which optical interconnections can be realized. 
[ 0003 J Two principal methods are being studied for forming III-V compound 
semiconductor optical elements on Si substrates. One is the so-called super- 
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heteroepitaxial method for epitaxially growing a m-V compound semiconductor (e.g., 
GaAs or InP) on a Si substrate whose lattice constant differs from it, and then forming an 
AlGaAs or InGaAsP optical element thereover. (For example, Ed. H. C. Choi, R. Hull, H. 
Ishikawa and R. J. Nemanich, "Heteroepitaxy on Silicon: Fundamentals, Structure, and 
Devices," Mater. Res. Soc. Pro., Vol. 116 (Mater. Res. Soc, Pittsburgh, 1988)). The 
other is a direct bonding method in which optical semiconductor elements are first grown 
on a GaAs or InP substrate, which is then bonded to an Si substrate. (Y. H. Lo, R. Bhat, 
D. M. Hwang, C. Chua and C.-H. Lin, Appl. Phys. Lett. Vol. 62, pp. 1038-1040, 1993) 
A number of materials for IH-V compound semiconductor elements have been proposed 
to date. For example, binary compound semiconductors composed of Al, Ga or In as the 
group III element and P, As or Sb as the group V element, as well as mixed crystal 
semiconductors containing these elements, described by H. C. Casey, Jr. and M. B. Panish 
in "Heterostructure Lasers-Part B" (Academic Press, New York, 1978), pp. 8-9, have 
been used for some time. Progress in crystal growing techniques has recently resulted in 
the ability to produce nitrogen-based mixed crystal semiconductors of GaNP (J. N. 
Baillargeon, K. Y. Cheng, G. E. Hofler, P. J. Pearch, and K. C. Hsieh, Appl. Phys. Lett. 
Vol. 60 pp. 2540-2542, 1992) and GaNAs (M. Weyers, M. Sao and H. Ando, Jpn. J. 
Appl. Phys. Vol. 3 1, 1992, pp. L853-L855), thus expanding the selection of materials. In 
addition, an example of nitrogen-based mixed crystal semiconductor epitaxy on an Si 
substrate has been disclosed in Unexamined Patent Application (Kokai) 1-211912. When 
nitrogen-based mixed crystal semiconductors are actually implemented in semiconductor 
elements like a laser diode, it is necessary to calculate the band gap and the amount of 
lattice strain when designing and fabricating a multilayer structure. Because the nitrogen- 



8 



based mixed crystal semiconductors exhibit large bowing in the band gap due to the 
extremely high electronegativity of nitrogen, described later, such special considerations 
not required with conventional mixed crystal semiconductors apply to design of the band 
gap of the multilayer structure. However, in nitrogen-based mixed crystal semiconductors 
grown to date, only an epitaxial monolayer is grown on the substrate crystal; there are no 
examples of multilayer structure in semiconductor devices. 
[ 0004 ] 

[ Problems the Invention Attempts to Solve J A problem with both the super- 
heteroepitaxial method and the direct bonding method described above is that since the 
lattice constant of the material of the optical semiconductor element differs greatly (by 4% 
or more) from that of the Si substrate, misfit dislocations are produced in the crystal near 
the interface between the Si substrate and the III-V compound semiconductor. Another 
problem is that, due to the difference in thermal expansion coefficient between the Si 
substrate and the III-V compound semiconductor, dislocations occurring during the 
cooling process following the high-temperature heating process of epitaxy or bonding tend 
to move and increase. As a result, there are problems with the characteristics and device 
life of optical semiconductor elements produced therefrom. Therefore, monolithic 
integration of silicon based electronic elements with III-V compound semiconductor 
optical elements is not yet practical. 

[ 0005 ] It is an object of the present invention to provide an optical semiconductor 
element having a III-V mixed crystal semiconductor epitaxially grown on an Si substrate, 
enabling monolithic integration with Si electronic elements. 
[ 0006 J 
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[ Means Used to Solve the Problems ] The stated object is achieved by holding lattice 
strain in the plurality of semiconductor layers of the optical semiconductor element to 
below the critical strain level that gives rise to misfit dislocations in all temperature zones 
employed in the fabrication process. Where the total thickness of strained layers exceeds 
critical thickness, stress compensation should be provided, and a nitrogen-based mixed 
crystal semiconductor AlGalnNPAsSb should be used as the material for the layer having 
tensile strain. In preferred practice, the AlGalnNPAsSb strained layer will have thickness 
of 2 nm or greater (due to considerations pertaining to ease of fabrication) and lattice 
mismatch will preferably be no more than ±4% in relation to critical thickness. For a 
GaN(x)As(l-x) [material], for example, the range for mixed crystal proportion x is 0.02 < 
x<0.36. 

[ 0007 ] The following description relates to means for fabricating a component for an 
optoelectronic integrated circuit (OEIC). 

[ 0008 ] Where the light emitting diode is a laser diode (LD), a strained layer of a direct 
transition type nitrogen-based mixed crystal semiconductor of AlGalnNPAsSb is used as 
the active layer. Where the strained layers are to be grown to a total thickness exceeding 
critical thickness, stress is compensated by depositing a layer having a tensile strain on top 
of a layer having a compressive strain or depositing a layer having a compressive strain on 
top of a layer having a tensile strain. To improve carrier injection efficiency, it will suffice 
to arrange a guide layer of Al(a)Ga(l-a)N(x)P(l-x) (0 <; a < 1, 0 < x £ 1) or Si adjacent to 
the active layer. Where the oscillating wavelength is longer than the band gap of Si, Si 
be used as the material for the cladding layers or guide layer. Where the laser diode is of 
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surface-emitting type, GaP, A1P, GaNP, AINP, Si or a D-VI semiconductor such as ZnS is 
used as the material for a high-quality multilayer film mirror, as shown in Fig. 2. 
1 0009 ] Where the photodetector is a photodiode (PD), in order to lower the band gap to 
expand the detectable wavelength range, a nitrogen-based mixed crystal semiconductor of 
AlGalnNPAsSb should be used as the material for the photoabsorbing layer. Where the 
photodiode is an avalanche photodiode, an Si material having a large difference in 
ionization coefficient between electrons and holes can be used for the multiplying layer. 
I 0010 J By using < 0.5 eV narrow band gap or metalloid nitrogen-based mixed crystal 
semiconductor of AlGalnNPAsSb for the electrode contact layer, a good ohmic electrode 
can be formed. It should be noted that electrode contact layers of nitrogen-based mixed 
crystal semiconductors are used widely not only in optical devices but also in electronic 
devices. For the electrode contact layer, either single crystal or polycrystalline Si may be 
used. When the wavelength of light used with the optical semiconductor element is 
transparent to Si, the Si electrode functions as a transparent electrode. 
[ 001 1 J Nitrogen-based mixed crystal semiconductors of AlGalnNPAsSb can be grown 
epitaxially to obtain high quality crystals without misfit dislocations by using activated 
nitrogen source material under a vacuum of 1 0'-2 torr or lower. For AlGalnNPAsSb 
semiconductors, C or Be can be used as p-type impurities and Si or Sn can be used as n- 
type impurities. 

1 0012 J If the wavelength of light used by an optical semiconductor element in an 
optoelectronic integrated circuit is transparent to Si, an optical circuit can be formed using 
Si, or can be formed within an Si substrate. The optical circuit can be fabricated with a 
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layer structure, and where a signal is transmitted to multiple points (such as a clock signal) 
there is no need to form an optical waveguide in the layer structure. 
[0013 ] 

I Operation of the Invention J The problem of dislocations occurring when the lattice 
constant of the material of an optical semiconductor differs greatly from the lattice 
constant of Si can be solved by controlling the thickness of the semiconductor layers 
constituting the optical semiconductor element to within a critical thickness such that 
misfit dislocations do not occur. Fig. 3 shows the relationship between critical thickness 
and lattice mismatch calculated according to Matthews' theory. From the figure it will be 
apparent that critical thickness for a layer with 1% lattice mismatch is 10 nm and for a 
layer with 4% lattice mismatch is 2 nm. For example, GaAs has a lattice mismatch of 
about 4% relative to Si, so critical thickness is 2 nm; thus, thickness greater than 2 nm is 
not possible without generating dislocations. Of conventional mixed crystal 
semiconductors of the group III elements Al, Ga or In and the group V elements P, As or 
Sb, GaAs(0.5)P(0.5) has a lattice constant closest to that of Si; from its lattice mismatch 
of 2%, it will be apparent that critical thickness is 4 nm. It is known that where strained 
layers are to be grown to a total thickness exceeding critical thickness, it is necessary to 
control total strain to a value lower than critical strain by means of stress compensation 
provided by depositing a layer having a compressive strain on top of a layer having a 
tensile strain. However, the conventional mixed crystal semiconductors of the group in 
elements Al, Ga or In and the group V elements P, As or Sb all have lattice constants 
greater than the lattice constant of Si, and as such cannot be used to form layers having 
tensile strain. With nitrogen-based mixed crystal semiconductors of AJGalnNPAsSb, the 
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manufacture of which has recently become possible, it is possible to create lattice 
constants smaller than that of Si by selecting the mixed crystal composition, whereby 
stress compensation is possible using such a material as a layer having tensile strain. A 
superlattice layer in which the stress has been compensated in such a way as to reduce 
total strain to zero will be substantially lattice-matched to an Si substrate, and thus no 
misfit dislocations will occur. 

[ 0014 ] Nitrogen-based mixed crystal semiconductors exhibit large bowing in the band 
gap due to the extremely high electronegativity of nitrogen. As an example, as increasing 
amounts of nitrogen are added to GaAs and GaP, the band gap thereof does not increase 
toward the 3.4 eV band gap of GaN, as do conventional mixed crystal semiconductors, 
but instead actually decreases. GaN(0. 19)As(0.81), whose lattice is matched to that of Si, 
has a band gap of 0 and as such is metalloid. Fig. 4 shows the relationship between lattice 
mismatch of GaN As, GaNP, AINAs, A1NP and GaPAs [sic] relative to an Si substrate, and 
their band gaps. If, for example, a superlattice layer is formed by alternately depositing 1- 
nm GaP(0.25)As(0.75) layers each having lattice mismatch of +3% and 5-nm 
A1N(0.05)P(0.95) layers each having lattice mismatch of -0.6%, total strain is reduced to 0 
and the band gap is essentially 2.0 eV. A superlattice layer with total strain reduced to 0 
formed by alternately depositing 3-nm GaN(0.1)As(0.9) layers each having lattice 
mismatch of +2% and 3-nm GaN(0. 14)P(0.86) layers each having lattice mismatch of -2% 
has a band gap of essentially 0.5 eV. As noted, the band gap can be designed freely over a 
range of from 2 to 0 eV with total strain held to 0, by selecting the kinds of 
semiconductors used to form the superlattice layer. In the above description, Si is used 
for the substrate crystal, but a superlattice layer with the total strain reduced to 0 through 
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stress compensation can be produced by using a GaP or AIP substrate crystal with a lattice 
constant substantially equal to that of Si. 

1 0015 ] Let us now consider the difference in thermal expansion coefficient between Si 
and III-V compound semiconductors. Since the thermal expansion coefficient of Si is 2.6 
x lO'V'C and the thermal expansion coefficient of GaAs is 6.0 x 10"*/°C, if GaAs and Si 
are cooled from a 630°C high temperature process to room temperature of 30°C, thermal 
strain of 0.2% occurs. From Fig. 3, critical thickness is estimated to be 80 nm. According 
to Matthews' theory, when lattice mismatch is small, critical thickness estimates tend to be 
smaller; nevertheless, this thermal strain is a problem when a device several um thick is 
produced. When a layer is grown to thickness of 0. 1 um or more, virtually no dislocations 
will occur if lattice mismatch is held to less than ±0. 1%. To this end, it is necessary to 
select the composition of the layer so as to be lattice-matched to Si as shown in Fig. 5, and 
to set the temperature for lattice matching at a temperature between room temperature 
and the temperature of the high temperature process. Note that the layer with a thickness 
of 0. 1 um or more referred to herein may be a layer of a single composition or a 
superlattice layer with the total strain reduced to 0 by stress compensation in the manner 
described above. 
[0016 J 

[ Examples ] (Example 1) In this example, an optoelectronic integrated circuit (OEIC) 
was fabricated by integrating 10,000 Si electronic elements (such as MOSFETs (metal- 
oxide-semiconductor field-effect transistors)), 100 surface-emitting diodes composed of 
III-V mixed crystal semiconductors, and 100 PIN photodiodes composed of III-V alloy 
semiconductors, all on the same Si substrate. Fig. 1 shows sectional views of the structure 
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of the OEIC. Fig. 1(a) shows a surface-emitting laser diode LD integrated with a 
MOSFET and Fig. 1(b) shows a PIN photodiode integrated with a MOSFET and a 
resistor. In this OEIC, the electronic circuit is formed on the surface of a Si substrate 1 1, 
and the optical circuits are formed within the Si substrate, so that the electronic circuit and 
the optical circuits are spatially separated. The spatial separation of the electronic and 
optical circuits allows the electronic and optical circuit lines to be produced independently, 
thus offering a greater degree of freedom in wiring architecture. 
[0017] The method for fabricating the OEIC will now be described. First, the method 
for forming the optical circuits shall be described. In Fig. 1, reference numeral 1 1 denotes 
an n-type (1 1 1) Si substrate having epitaxially grown thereon an n-type Si layer 12 (n = 1 
xlO'18 cm'-3, d = 1 um) constituting a cladding layer for the light waveguide and an n- 
type Si layer 13 (n - 1 x 10-15 cm'-3, d = Um) constituting a core layer. To form a light 
waveguide in the plane of the core layer, phosphorus ions are injected [in a concentration 
of] n = 1 x 10'18 cm'-3 into the core layer on both sides of the region that will serve as the 
core to produce cladding portions. After the light waveguide has been formed in the 
plane, an n-type Si layer 1 1 [sic] (n = 1 x 10'18 cm'-3, d = 3 um) is grown over the core 
layer 13 to form a three-dimensional light waveguide. When a signal is sent to a number 
of points (such as a clock signal), the light waveguide need not be formed in the plane of 
the core layer. In this example, the core layer has a single stage, but it is possible to form 
a plurality of stages and thus to design the optical circuits freely. 
[ 0018 ] Next, as a preparatory step prior to fabricating an electronic device, ions are 
implanted into the Si substrate in which the light waveguide has been formed. As shown 
in Fig. 1, boron ions are implanted to form a p-type region of high resistivity for isolation 
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purposes. Phosphorus ions are implanted to form a contact layer for an n-type III-V 
optical semiconductor element, and elements such as source and drain electrodes for the 
MOSFET, resistors, and the like are formed. 

[ 0019 J Next, a group III-V optical semiconductor element was formed by selective 
growth. First, the surface-emitting laser diode is described. The surface-emitting laser 
diode is 5 um in diameter. In Fig. 1(a), reference numeral 15 denotes an n-type 
GaN(0.03)P(0.97) buffer layer (n = 1 x 10'18 cm'-3, d = 0. 1 um), 16 denotes an n-type 
semiconductor multilayer film mirror (n = 1 x 10*18 cm'-3), 17 denotes an n-type 
GaN(0.03)P(0.97) cladding layer (n = 1 x 10'18 cm'-3), 18 denotes an undoped active 
layer, 19 denotes a p-type GaN(0.03)P(0.97) clad layer (p=l x 1018 cm'-3), 20 denotes a 
p-type semiconductor multilayer film mirror (p = 1 x 10'19 cm'-3, and 21 denotes a 
metalloid GaN(0.19)As(0.81) contact layer (d = 0.1 um). The active layer is a stress- 
compensated superlattice layer which permits the band gap to be set freely in the range of 
2 to 0 eV, but because the silicon (Eg = 1 . 1 eV) material for the optical circuit must be 
transparent, in this example, a stress-compensated superlattice layer with a band gap of 
essentially 0.8 eV (wavelength: 1.55 um) and formed by alternately depositing 2-nm 
GaN(0.07)P(0.93) layers each having lattice mismatch of -1% and 1-nm 
GaN(0. 1 0)As(0.90) layers each having lattice mismatch of +2% was used. The thickness 
was d = 100 nm, obtained by repeating layer deposition for 33 cycles in such a way that 
the thickness was equal to about 1/4 of the wavelength in the semiconductor. In order to 
create a 1-wavelength resonator, the thickness of the cladding layer on each side was equal 
to 3/8 of the wavelength in the semiconductor, so that the distance between mirrors was 1 
wavelength. Each of the semiconductor multilayer film mirrors was formed by alternately 
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depositing high-refractive-index GaN(0.03)P(0.97) layers each 1/4 wavelength thick in the 
semiconductor and low-refractive-index A1N(0.04)P(0.96) layers each 1/4 wavelength 
thick in the semiconductor. In order to obtain the reflectance of 99% or more, the mirror 
layers were formed by repeating layer deposition 20 times. The mirror layers may be 
formed by alternately depositing layers with high refractive index and layers with low 
refractive index; to this end, for example, the materials given in Fig. 2 may be used. For 
the p-type mirror layer, doping with a high concentration (p = 1 x 10' 19 cm'-3) was carried 
out to reduce the resistivity. The PIN photodiode is now described. The PIN photodiode 
is 5 urn in diameter. In FIG. 1(b), reference numeral 22 denotes an n-type 
GaN(0.03)P(0.97) layer (n = 2 x 1CV18 cm'-3, d - 1.0 urn), 23 denotes an undoped stress- 
compensated superlattice layer (n = 1 x 10'15 cm'-3, d = 0.5 um) having an effective band 
gap of 0.5 eV and formed by alternately depositing 2-nm Ga(0.14)P(0.86) layers each 
having lattice mismatch of -2% and 2-nm GaN(0.10)As(0.90) layers each having lattice 
mismatch of +2%, 24 denotes a p-type GaN(0.03)P(0.97) layer (p = 2 x 10'18 cm'-3, d = 
1.0 urn), and 25 denotes a metalloid Al(0.50)Ga(0.50)N(0.19)As(0.81) contact layer (d = 
0. 1 um). The layers constituting the surface emitting diode and the PIN photodiode were 
formed by growing crystals in a high vacuum of 1 x 10'-6 torr continuously in a gas source 
molecular beam epitaxial system. When growing the Si layers, polysilicon was used as the 
material, and Sb was used as the n-type dopant. When growing the III-V compound 
semiconductors, metal elements were used as group III materials, and phosphine and 
arsine were used as the sources for P and As, and molecular nitrogen activated by an RF 
plasma was used as the nitrogen source. Si and C (neopentane) were used as the n-type 
and p-type dopants, respectively. The growing temperature was 500°Q the stress- 
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compensated superlattice layers and the single-composition layers were all designed to be 
lattice-matched to the Si substrate at 300°C. As a result, lattice mismatch with Si could be 
maintained at less than 0. 1% over the entire temperature range employed in the 
manufacturing process. 

I 0020 ) The Si wafer on which the group ni-V optical semiconductor elements were 
formed was then covered with an Si0 2 oxide film for use as the gate electrode of the 
MOSFET and also to protect the surfaces of the group III-V optical semiconductor 
elements. The resultant optical semiconductor elements and electronic elements were 
provided with metal interconnects through multilayer metallization with Al and Si0 2 . 
[ 0021 ] Finally, to form mirrors in the optical circuits, grooves were produced at an angle 
of 45° using a halogen system reactive ion beam, thus completing the OEIC. The grooves 
can be made from either the top or bottom side of the substrate, depending on which is 
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1 0022 J Operation of the OEIC is now described. When voltage is applied to the gate 
electrode of the MOSFET for driving the laser diode, current is injected into the surface 
emitting laser diode causing the laser to oscillate. The laser beam is directed into the Si 
substrate and undergoes total reflection by the 45° mirror, whereby it is guided into the 
optical waveguide. The guided laser beam again undergoes total reflection by a 45 
and is guided into the photodiode. The detected laser beam is converted into electrical 
current by the photodiode, this current is converted by the resistor into voltage, and this 
voltage is amplified by the MOSFET and finally output to the source electrode. 
[ 0023 ] (Example 2) Fig. 6 shows sectional views of the structure of another example of 
the OEIC in which the present invention is implemented. FIG. 6(a) shows a photoemitter 
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portion having a Si MOSFET and a surface emitting laser diode integrated on a Si crystal 
substrate, while FIG. 6(b) shows a photodetector portion having a Si-MOSFET, a resistor, 
and an avalanche photodiode integrated on another Si crystal substrate. These are 
connected by an optical fiber for signal transmission between IC chips. First, the 
manufacturing method will be described. Ion implantation is performed on the p-type 
(5 1 1) Si substrates as a preparatory step for fabricating electronic devices. As shown in 
Fig. 6, to provide isolation regions, phosphorus ions are implanted to form n-type regions 
of high resistivity, and boron ions are implanted to form contact layers for p-type group 
in-V optical semiconductor devices, source and drain electrodes for the MOSFET, and a 
resistor. The group HI-V optical semiconductor devices are then formed by selective 
growth. First, the structure of the surface emitting laser diode will be described. In FIG. 
6(a), reference numeral 41 denotes a p-type GaN(0.03)P(0.97) buffer layer (p = 1 x 10*18 
cm'-3, d = 0.1 um), 42 and 46 respectively denote p-type and n-type A1N(0.04)P(0.96) 
cladding layers (p, n = 1 x 10'18 cm*-3, d = 1.0 um), 43 and 45 denote p-type and n-type 
AlGaNP guide layers (p, n = 5 x 10*17 cm'-3, d = 0.30 um) of so-called GRIN (Graded 
Refractive Index) structure having the band gap parabolically varied by varying the Al 
composition, 44 denotes a non-stress-compensated undoped quantum well active layer 
(wavelength: 1.24 um) formed by alternately depositing for 2.5 cycles 10-nm 
GaN(0.03)P(0.97) barrier layers each having lattice mismatch of 0% and 1 .5-nm 
GaN(0.10)As(0.90) well layers each having lattice mismatch of +2%, and 47 denotes a Si 
contact layer (n = 1 x 10*19 cm'-3, d = 0. 1 um). To produce a resonator, mirrors are 
formed by etching in the vertical direction using a halogen-system reactive ion beam, by 
which step a laser diode is completed. The resonator is 300 um long. The structure of the 
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avalanche photodiode will next be described. The diameter of the avalanche photodiode is 
10 fim. In FIG. 6(b), 48 denotes a p-type GaP buffer layer (p = 2 x 10*18 cm'-3, d = 0.01 
um), 49 denotes a p-type GaN(0.03)P(0.97) buffer layer (p = 2 x 10' 18 cm'-3, d = 1.0 
um), 50 denotes an n-type stress-compensated super-lattice photoabsorbing layer (p = 1 x 
10' 15 cm'-3, d = 0.3 um) having a band gap of substantially 0.8 eV, formed by alternately 
depositing 2-nm GaN(0.07)P(0.93) layers each having lattice mismatch of -1% and 1-nm 
GaN(0. 10)As(0.90) layers each having lattice mismatch of +2% , 51 denotes an n-type Si 
electric buffer layer (n = 2 x 10' 17 cm'-3, d = 0.05 um), 52 denotes an n-type Si 
multiplication layer (n = 2 x 10*15 cm'-3, d = 0.1 um), 53 denotes an n-type Si cap layer (n 
= 2 x 10'18 cm'-3, d = 1.0 um), and 54 denotes an n-type Si contact layer (n = 2 x 10'19 
cm'-3, d =0.1 um). 

[ 0024 J The layers constituting the laser diode and the avalanche photodiode were 
formed by growing crystals in a high vacuum of 1 x 10'-5 torr in a chemical beam epitaxial 
system. When growing the Si layers, polysilicon was used as the material, and Sb and B 
were used as the n-type and p-type dopants, respectively. When growing the III-V 
semiconductor layers, ethyl-based organometallic compounds were used as group III 
materials, phosphine and arsine were used as sources for P and As, and nitrogen obtained 
by activating ammonia molecules by ECR plasma was used as the nitrogen source. Sn and 
Be were used as the n-type and p-type dopants. Crystal growing was performed at 400°C; 
the stress-compensated superlattice layer and the single-composition layers were all 
designed to be lattice matched to Si at 300°C. The Si wafer on which the group III-V 
optical semiconductor devices were formed was covered with a Si0 2 film to protect the 
surfaces of the group III-V optical semiconductor devices, and also for use as the gate 
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electrode of the MOSFET. The resultant optical semiconductor elements and electronic 
elements were provided with metal interconnects through multilayer metallization with Al 
and Si0 2 . 

I 0025 J Operation of the OEIC is now described. When a voltage is applied to the gate 
electrode of the MOSFET for driving the laser diode, current is supplied into the surface 
emitting laser diode, and the laser oscillates. The laser beam is introduced into an optical 
fiber, and the introduced laser beam is guided into the avalanche photodiode. The 
detected laser beam is converted by the photodiode into electrical current, this current is 
converted by the resistor into voltage, and this voltage is amplified by the MOSFET, and 
finally output to the source electrode. 

[ 0026 ] In this example, the photoemitter and the photodetector are formed on the 
separate substrate crystals, and are used for signal transmission between the IC chips, but 
like in Example 1 described earlier, the photoemitter and the photodetector may be used 
for signal transmission within an IC chip by using a light waveguide or an optical fiber. 
[ 0027 ] (Example 3) In this embodiment, an independent surface emitting laser diode is 
formed on a Si substrate. The sectional view of its structure is shown in Fig. 7. The 
diameter of the surface emitting laser diode is 10 urn. In Fig. 7, reference numeral 61 
denotes an n-type (100) Si substrate (n=lx 10'18 cm'-3, d = 200 urn), 62 denotes an n- 
type GaP buffer layer (n = 1 x 1 0'l Scm'-3, d = 0.01 um), 63 denotes an n-type 
GaN(0.03)P(0.97) buffer layer (n = 1 x 10'18 cnV-3, d = 0.5 um), 64 denotes an n-type 
semiconductor multilayer film mirror (n = 1 x 10' 18 cm'-3), 65 denotes an n-type Si 
cladding layer (n = 1 x 10*18 cm'-3), 66 denotes an undoped active layer, 67 denotes a p- 
type Si cladding layer (p = 1 x 10'18 cm'-3), 68 denotes a dielectric multilayer film mirror, 
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69 denotes a p-type electrode, and 70 denotes an n-type electrode. The active layer was 
formed by a stress-compensated superlattice layer having a band gap of substantially 0.8 
eV (wavelength: 1.55 um) produced by alternately depositing 2-nm GaN(0.07)P(0.93) 
layers each having lattice mismatch of -1% and 1-nm GaN(0.10)A(0.90) layers each 
having lattice mismatch of +2%. The thickness was d = 100 nm, produced by repeating 
layer deposition for 33 cycles so that the thickness was equal to about 1/4 of the 
wavelength in the semiconductor. A 3-wavelength resonator was formed by providing an 
n-type clad layer whose thickness was 3/8 of the wavelength in the semiconductor, and a 
p-type clad layer whose thickness was equal to 2+3/8 wavelengths in the semiconductor. 
The p-type cladding layer was doped to a high concentration of p = 2 x 10'18 cm'-3 to 
reduce the resistivity. The semiconductor multilayer film mirror was formed by alternately 
depositing high-refractive-index GaN(0.03)P(0.97) layers each 1/4 of the wavelength thick 
in the semiconductor, and low-refractive-index A1N(0.04)P(0.96) layers each 1/4 of the 
wavelength thick in the semiconductor. The mirror layers were formed by repeating layer 
depositing 20 times to achieve a reflectance of 99% or more. The dielectric multilayer 
film mirror was formed by alternately depositing high-refractive-index amorphous Si layers 
each 1/4 of the wavelength thick in the dielectric, and low-refractive-index Si0 2 layers 
each 1/4 of the wavelength thick in the dielectric. To obtain a reflectance of 99% or more, 
the mirror layers were formed by repeating layer deposition 5 times. Because the 
dielectric multilayer film mirror needs to be formed by alternate deposition of high- 
refractive-index layers and low-refractive-index layers, it is possible to use SiN and Si0 2 , 
amorphous Si and SiN, or Ti0 2 and Si0 2 . The semiconductor layers 62-67 were formed 
by growing crystals in a high vacuum of 1 x 10*-7 torr continuously in a gas source 
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molecular beam epitaxy system. When growing the Si layers, polysilicon was used as 
material, and Sb and B were used as n-type and p-type dopants, respectively. When 
growing the group IH-V semiconductors, metals were used as the group III materials, 
phosphine and arsine were used as the P and As sources, and molecular nitrogen activated 
by an RF plasma was used as the nitrogen source. Si and C (neopentane) were used to 
provide n-type and p-type dopants. Epitaxial growing was performed at 600°C; the stress- 
compensated superlattice layer and the single composition layers were all designed to be 
lattice matched to Si at 300°C. In this way, lattice mismatch relative to Si could be held to 
0. 1% or less over the entire temperature range used in the manufacturing process. The 
dielectric multilayer film was deposited on the wafer once crystal growth had been 
completed. Next, the device was isolated by etching in the vertical direction using a 
halogen-system reactive ion beam as shown in Fig. 7. The diameter of the device is 
10 urn. By finally providing p-type and n-type electrodes, the surface emitting laser diode 
is completed. This laser diode is characterized by long device life due to the lack of misfit 
dislocations in the vicinity of the interface with the adjacent layers. 
[ 0028 ] (Example 4) In this example, an independent avalanche photodiode was formed 
on a Si substrate inclined 5 degrees towards the [110] direction from (100). A detection 
light was introduced from the rear side of the substrate crystal of this device. Fig. 8 is a 
sectional view of the structure of this device. In Fig. 8, reference numeral 71 denotes an 
n-type Si substrate (n = 1 x 10'18cm'-3, d = 200 urn), 72 denotes an n-type Si buffer layer 
(n = 1 x 10'18 cm'-3, d = 0.5 urn), 73 denotes a p-type Si multiplication layer (p = 2 x 
10'15 cm'-3, d = 0.2 urn), 74 denotes a p-type Si electric field attenuating layer (p = 2 x 
10'17 cm'-3, d = 0.1 um), 75 denotes an undoped, stress-compensated superlattice 
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photoabsorbing layer (p = 2 x 10*15 cm'-3, d = 0.3 um) having a band gap of essentially 
0.5 eV, formed by alternately depositing 3-nm GaN(0. l)As(0.9) layers each having lattice 
mismatch of +2% and 3-nm GaN(0.14)P(0.86) layers each having lattice mismatch of -2%, 
76 denotes a p-type GaN(0.03)P(0.97) cap layer (p = 2 x 10'18 cm'-3, d=1.0 um), 77 
denotes a p-type Si contact layer (p = 2 x 10'19 cm'-3, d = 0. 1 um), 78 denotes a 
polyimide insulating protective layer, 79 denotes a p-type electrode, 80 denotes an n-type 
electrode, and 81 denotes a nonreflective layer. The semiconductor layers 72-77 were 
formed by growing crystals continuously in a high vacuum of 1 x 10'-7 torr in a gas source 
molecular beam epitaxy system. When growing the Si layers, polysilicon was used as 
source material, and Sb and B were as n-type and p-type dopants. When growing the 
group III-V semiconductor layers, metals were used to provide group III materials, 
phosphine and arsine were used as materials for P and As, and molecular nitrogen 
activated by an RF plasma was used as the nitrogen source. Si and C (neopentane) were 
used as n-type and p-type dopants. Crystal growing was performed at 600°C; the stress- 
compensated superlattice layer and the single composition layers were all designed to be 
lattice-matched with Si at 300°C. In this way, lattice mismatch relative to Si could be held 
to 0. 1% or less over the entire temperature range used in the manufacturing process. The 
wafer on which the crystal growth had been completed was then subjected to wet etching 
to isolate the devices as shown in Fig. 8 in order to form the photodetector portion 50 um 
in diameter and the n-type electrode portions. An insulating protective layer of polyimide 
was then formed, and the n-type electrode and the p-type electrode were deposited. 
Finally, the rear side of the substrate crystal was coated with a nonreflective film 81 using 
SiN. This avalanche photodiode was capable of detecting a long-wavelength light up to 
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about 2.5 urn long owing to the band gap of 0.5 eV in the light absorbing layer, and was 
also capable of high multiplication because a silicon with a great difference in ionization 
coefficient between electrons and holes was used to form the multiplying layer. 
Furthermore, the absence of misfit dislocations ensures a long device lifetime. 
[ 0029 J (Example 5) Fig. 9 shows a sectional view of the structure of a semiconductor 
laser to which the present invention is applied. In Fig. 9, reference numeral 91 denotes an 
n-type (1 10) Si substrate, 92 denotes an n-type GaP cladding layer (1 urn), 93 denotes an 
undoped GaN(0. l)As(0.9) active layer (50 nm), and 94 denotes a p-type GaP clad layer 
(1 Mm). Layers 92 - 94 were formed by growing crystals on the Si substrate 91 
continuously in a high vacuum of 1 x 10'-2 ton in a chemical beam epitaxial system. 
Metals were used as group III materials, phosphine and arsine were as the P and As 
sources, and activated nitrogen was used as nitrogen source. The wafer on which crystals 
had been grown was provided with a current bottleneck layer 95 made of a silicon nitride 
film, a p-type electrode 96, and an n-type electrode 97, and the wafer was then diced into 
chips 300 urn square. When a current was conducted into a semiconductor laser, the laser 
emitted a near infrared laser beam. In this example, GaP was used for the cladding layers, 
but it would be possible to use Al(a)Ga(l-a)P (0.1 < a < 1) obtained by adding Al, so as to 
increase the band gap difference in relation to the active layer. It is preferable to add 
nitrogen to Al(a)Ga(l-a)P to give Al(a)Ga(l-a)N(x)P(l-x): (0 < a <; 1, 0<x<l) so as to be 
completely lattice matched to the substrate crystal. 

1 0030 J (Example 6) Fig. 10 is a sectional view of the structure of a light emitting diode 
to which the present invention is applied. In Fig. 10, reference numeral 101 denotes an n- 
type (100) GaP substrate, 102 denotes an n-type InN(0.4)P(0.6) layer 
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(1 urn thick), and 103 denotes a p-type InN(0.4)P(0.6) layer (1 urn thick). The layers 
102, 103 were formed by growing crystals on the GaP substrate 101 continuously in high 
vacuum of 1 x 10'-3 torr in a chemical beam epitaxy system. Organometallic compounds 
were used as materials for group III elements, phosphine and arsine were as the P and As 
sources, and activated nitrogen was used as the nitrogen source. The wafer on which the 
crystal growth had been completed was provided with a p-type transparent electrode 104 
and an n-type electrode 105. When a current was applied at room temperature to the 
diode thus produced, emission of red light was observed. 

[ 003 1 J The optical devices whose fabrication has been described in the examples set 
forth hereinabove are a laser diode, a photodiode and a light-emitting diode, but the 
present invention naturally can be implemented in other optical semiconductor elements, 
such as an optical modulator. Of course, the present invention may be implemented in 
electronic devices other than MOSFETs, and in existing electronic circuits employing Si- 
ICs. The optical elements in Examples 1 and 2 are described as being integrated with 
electronic devices but, of course, these optical elements can operate as independent 
elements. In Examples 1 to 5, Si was used as the substrate crystal, but GaP and A1P 
having almost the same lattice constant as Si may be used. In the stress-compensated 
strained superlattice layer, a wide variety of N-containing mixed crystal semiconductors 
AlGalnNPAsSb other than GaNP and A1P may be used as the material for the component 
layers under compressive strain. 
[ 0032 ] 

[ Effects of the Invention ] According to the present invention there is now provided a 
method for epitaxially growing III-V mixed crystal semiconductors on Si substrates 
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without misfit dislocations, so that it is now possible to provide semiconductor devices 
which can be monolithically integrated with Si-based electronic devices and can apply this 
technique to OEIC. 

[ Brief Description of the Figures J 

[ Figure 1 J Sectional view of the OEIC of Example 1. 

[ Figure 2 J Materials for a multilayer film mirror. 

I Figure 3 ] The relationship between lattice mismatch and critical thickness. 

I Figure 4 J The relationship between lattice mismatch and band gap between an Si 

substrate and GaNAs, GaNP, AINAs, A1NP and GaPAs. 

[ Figure 5 ] The relationship between lattice mismatch and temperature in Si and GaNP. 

[ Figure 6 ] Sectional view of the OEIC of Example 2 of the invention. 

[ Figure 7 J Sectional view of the surface-emitting laser diode of Example 3 . 

[ Figure 8 ] Sectional view of the avalanche photodiode of Example 4 of the invention. 

r Figure 9 J Sectional view of the surface-emitting laser diode of Example 5 of the 

invention. 

[ Figure 10 ] Sectional view of the light-emitting diode of Example 6 of the invention. 
[Key] 

11: n-type Si substrate; 12: Si cladding layer; 13: Si core layer; 14: Si cladding layer; 15: 
n-type GaN(0.3)P(0.97) buffer layer; 16: n-type semiconductor multilayer film mirror; 17. 
n-type GaN(0.3)P(0.97) cladding layer; 18: stress-compensated superlattice active layer of 
alternately deposited 2-nm GaN(0.07)P(0.93) layers and 1-nm GaN(0.10)As(0.90) layers; 
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19: p-type GaN(0.3)P(0.97) cladding layer; 20: p-type semiconductor multilayer film 
mirror; 21: metalloid GaN(0.19)As(0.81) contact layer; 22: n-type GaN(0.03)P(0.97) 
layer; 23: undoped stress-compensated superlattice layer formed by alternately depositing 
2-nm GaN(0. 14)P(0.86) layers and 2-nm GaN(0.10)As(0.90) layers; 24: p-type 
GaN(0.03)P(0.97) layer; 25: metalloid GaN(0.19)As(0.81) contact layer; 41: p-type 
GaN(0.03)P(0.97) buffer layer; 42: p-type A1N(0.04)P(0.96) cladding layer; 43: p-type 
AlGaNP guide layer; 44: non-stress-compensated undoped quantum well active layer 
formed by alternately depositing 10-nm GaN(0.03)P(0.97) barrier layers and 1 5-nm 
GaN(0. 1 0)As(0.90) well layers for 2.5 cycles; 45: n-type AlGaNP guide layer; 46: n-type 
A1N(0.04)P(0.96) cladding layer; 47: Si contact layer; 48: p-type GaP buffer layer; 49: p- 
type GaN(0.03)P(0.97) buffer layer; 50: n-type stress-compensated super-lattice 
photoabsorbing layer formed by alternately depositing 2-nm GaN(0.07)P(0.93) layers and 
1-nm GaN(0.10)As(0.90) layers; 51: n-type Si electric buffer layer; 52: n-type Si 
multiplication layer; 53: n-type Si cap layer; 54: n-type Si contact layer. 
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Fig. 1 



[key] 




13: n Si core layer 



12: n + Si cladding layer 



1 1 : n Si substrate 




14: n* Si cladding layer 



Fig. 2 

(A) high-refractive index material (Text in first column, first row) 

(B) low-refractive index material (Text in second column. First row) 

(C) superlattice (Text in first column, sixth row) 

(D) superlattice (Text in second column, sixth row) 

Fig. 3 

(a) critical thickness (y-axis) 

(b) lattice mismatch (x-axis) 

Fig. 4 

(a) band gap (y-axis) 

(b) lattice mismatch (x-axis) 

Fig. 5 

(a) temperature (y-axis) 

(b) lattice constant (x-axis) 

(c) [illegible] (in graph) 
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Fig. 6 

(c) optical fiber (text to right of fig.) 

(d) P-Si substrate (text beneath fig) 

(c) optical fiber (text above fig) 

(d) P-Si substrate (text beneath fig) 

Fig. 8 

(left to right) 

(a) p-type electrode portion 

(b) photoreceptor portion 

(c) p-type electrode portion 
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[i»*^14] ±127* N^'f*-K©3t«iK®©»» 
fcN*g,S¥##Al(a)Ga(b)In(l-a-b)N(x)P(y)As(z)Sb 
(1-x-y-z) (0£a£l,0£b£l, 0<x<l,0£y<l,0£z< 

[11*31 5] JE»SS:Wr5©t5lt)ffiDSS«-ra 
S£«StTJ&7J£*lfiL;fcJB£±E:7* r^-ftf-H 

©?t®iRSicffl^rv»«**^afr<&gi*^ 1 3E* 
©**#*?. 

10 16] ±E7* r-^f H*tg^iifS5! T ft 

*m 3E«©*»**^. 

[»#£18] ±E¥*fri!l^3t*3J«:*^T*S^ 

*i*ai-r5ii*jai 7e*©#«*«t. 

[St#E19] ±Eft¥*#*?IC:J3^TfflV>5tt©8[ 
£*WSnc#l,TSWfc*£fta<fci-.5&3»Sl 8E« 

m*m2 1] S«3>^J» H®©«»C0.5eVJKT© 
[IS*^2 2J Si,GaP,AlPSfi±lc^$tlfcft&!&* 

35 [Sfcfc^ 2 3 ] N»jia*#fl:AI (a)Ga(b) Id (l-a-b)N(x) 
P(y)As(z)Sb (1-x-y-z) (0£a£1.0Sb£l. 0<i<1.0£ 
y<l, 0£z<l) Srffl »ft*m<tm?\Z%»T, AlGaloNPA 
sSb*tlO'-2 Ctt±tt€f£$U 10'-2ttlO©-2S8££flc 
T*. .KTPI&) Torr«T©B*£+-rN©K8tL,T 

[f3$£2 4] N£iI 1 Si#i»#AIGaInNPAsSb£fflV>;fc¥ 
iCfc^TAIGalitNPAsSb©^**) t LTC. Be, Si, 

40 [»ig©i¥ffl&ffiim 

[0 0 0 1] 
[0 0 0 2] 

LT*TH5. h7>yX^*>eiC(Integrated Circui 
t). VLSKVery Large Scale Integrated-cireuID'v,!: 

m^rfj <tmt>nz. l*^u &nimm<Dm±\z# 
so w mfs.mn<o&m&miz&r)mftmmifimRLi<nz>m 
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*«lBtR3nS&»fc. ^r<D»m.tLr, 3tt«fc5m#»R 
« £ LTSi«7- aKPiii I-V8jfc£«i¥»#ft$7- 
CO 0 0 3] SiSfi±fcIII-V«|ft:&iKi*««:3K*^* 

f^s-ra^si: ut±c&© 2o©mM&wsftTv> 

■5. loH, SigSilc&T-jgftffl&fcSGaAs^InPfc 

£ © 1 1 \-mK.-sm*m& sx e 9 * * ;n«g s -b-t 

*©±(CAlGaAsS^InGaAsP»©#¥£ft$ : ?'£ffrS-r 
5BfS7.-/^^pxtr^+->7^feT$.5. (MA 
& Ed. H. C.Choi, R.Hall, E. Ishikawa and R.I.Nenani 
ch, "Heteroepitaiy on Silicon: Fundamentals, Struc 
tore and Devices", Mater. Res. Soc. Pro. Vol. 11601 
ater. Res. Soc, Pittsburgh, 1988)) >b 51 rati. G 
aAs*InPXfi±tc^afMSnfc#iN*{Mi7-£Si«« 
±K£0£tott*fi«fc£&-e*4. (T.H.LO, R.Bha 
t, D.M.Hwang, C.Cbua and C.-H. Lin, Appl. Phys. Le 
tt. Vol. 62 pp. 1038-1040, 1993) 

ffl%.li ECCssey, Jr. and M.B. Panish, "Heterostr 
ucture Lasers PartB" (Academic Press, New York, 197 
8) pp.8-9K§a>nT^*.fc'5KIII«S : ?-a*Al, Ga, 1 
n, mm?**?, As. Sb*>S£S27c*t£<»#*fcftat 

•en $ «t d jsss jis^sfootg ^ < ffl uentt^, 

JgafiES^ffiWit^lCtfeJirsTiS^IC^oTGaNPd. 
N.Baillargeon, L Y.Cheng, G.B.Hofler, P.J. Pearch, 

and LCHsieh, Appl. Phys. Lett. Vol. 60 pp. 2540- 
2542, 1992) GaNAs (H.ffeyers, M. Sao and H.Ando, 

Jpn.J. Appl. Phys. Vol. 31 pp. L853-L855, 1992)© 
N*jgg¥*#atfmT£*«K&0*maiR©«;W£ 

a<ofc. siSfi±KN»£a¥i5#*xfc:**-> 

tt.ft%m&m&\z n> K^-t- ? ytc^c^^r^^— r 

tta*©Sfi^**c:ttjttiv>»g!iftBJt«»i{:»st^5. 

a±irmg©xtf^+->^^g)itjet£snT^5«:tfp 

[0 0 0 4] 

S$m©»-7-3£R*<Si©1^7-£Ri:*$< (4 

?fi«±) Sfcs&i::. sitni-v»ib^#*fl£©#s 




(3) #ffl¥6-334 1 68 

4 

11**6. xtr^+->^ju«s*<&v»ii®0^1i-©S 

i&iieg©»3iiaeic*v»T^bfc(g(fi:*^s4. itii 

C0 0 0 5] *58W©B«fi. SiJEC±£IIMr*BA 

^^frsxtr^+vv^nsfis^TSim^^t^/ u 

10 [0 0 0 6] 

LTIiNJSSa#8l#AlGaInNPAsSb 
SffluntflH. AIGaIn.VPAsSbSS©S@©lif^fi£±©« 
L3*&2nigljbPa*l<. ttT^gftAttftjUt* 
©Hffi.tr) ±4X6U*J*1M£UK HX.tf6aR(x)As(l-i) 
^ ©#&ttfifl,«(£i©«Htt, 0.02 ( i ( 0.36<h7i-5. 
[0 0 0 7] «TIC, 3t««6«®?5(0ptoelectronic 
Integrated Circuit: OElOSfcfi&t-aaBflWft^R 

[0 0 0 8] %ytm?ifiV-1f?<i*-\i (Laser Diod 
e: LD)©«£. Ettll-tttt«a£S!©NJ&£S¥ilMt:A 
lGaInNPAsSb©SJi§fflt<>£. SB© r— *)H8S«BS 

©±C5loigr)S*Wr5eS«ieLT. **V>tt5lo 
£ K) MS=&-r-5S©±CEtt^Srr SHSfflJB UT« 
30 *¥'J7©ffiA24**SS«>S»ICtt«tt 
eiCAl(a)Ga(l-a)N(x)P(l-i) (OSagl. 0£i£l)^Si 
STfifcStf'f FB£R83l**H;mv>. SHSifcfiaiSi© 
A'> F¥ V y 7*«fc 0 7 y FJB 

Fl©«<BHcSi*fflV>5^*tT€f-5. U- 
F*t®«itl!-C*<5«^»Ctti«ftS©^eiB 
3 7-©$}^tUT02tC^-r«l'GaP, A1P. GaNP, Al 
NP, Si. XeZnS^©II-VIfll¥*ft*fflt^. 

[0 0 0 9] &ytm?tfiy* F^-f*-F(Photo-Diod 
e: PD)©«£. A*>K*'Vy7'£Ttf£Jftfcg®«S:J£ 
40 tf£&IC3K&iRB©;&HICN*Sli¥»#AlGaInNPAsSb 

i7*h^t- FT*^>«^trtt«^ tiE?L©ai8ffi 
»©M*^#V»Si*JgfS®©«»lCfflVJSi:fi^. 
[0 0 10] W&ny9>7 hM\Z\t. 0. 5eV«T©iK/'? 
> F^Y v :/Xli¥&K©N£jg&¥iBfcAIGaInNPAsSb 
*fflH-5t^H©*-5y^ttSSSfVdcT#.5. f^. 
N*SS¥*freffi3>^>> r-/3tt3£jS7-©*&5-f* 

^■arojBfcffifc-fsi&fflnsna. 

50 IC*V>Tffl^SJt©&S36tSilC«LTSWa*&aSiH: 
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m 

5 

[0 0 11] ^n^CON^SS^^AlGalnNPAsSb^ 1 

v;«gr^^ic<tofiH)i<sai:LT#^n-5. aig 3 

lDN?AsSbC0pS^3ffitti: LTteC.Be* ng^jffifct LTtt 
Si,SiuWBM&<&. 

[0012] 3ts^maisJKizffl^^n^3t*®*^ 

td* V> T# V> 6 3t O&gaWS i £2* U TS S i 
[0 0 13] 

S3lCMatthewsO3Hfeic<t0fHI$nfe»^S'& 

S&^*r^ST10DiD, 4X(D«^S-&S$:^-r^@T2n 
m0«#RJ?<tft$*jWW>*. GaAstiSi£»4 

K *&, ^©IIIRHtWAI, Ga, Id, VWBWP, 
As, Sbd^^^igS#^TBS»^ll^t)CDTfeT 
5t&#S i (C £ iff 1 > <D ttGaAs (0. 5) P (0. 5) T * £ 
ft^8&ffi^2X*04niDCO»#K^i:^-5^t^ 

«»tttf S*ITV5. fifcfccDIllSS 
WWAl. Ga, In, V&gtTW, As. Sb^S>/£*gH¥ 

fcNMjiS¥^AlGalDNPAsSb«igaa«^ji^(C<t 

MAIL 0 t UfciBft^HttSiSfiiSmw 

[0 0 14] NXSa¥«fl4»ti!)««T*«ft«9llKtt 

GaAsRr;GaP<^(CNS:linATfT<iHE-n^(?5/X>F 

<h»TB'&*r^GaN(0. 19) As (0. 81) htn> H^ty :/**<> 
£ ft D £ fc *o H 4 ICGaNAs , GaNP, Al NAs, AINPft 
«GaPAS©SI»«tfi!)»^7F»*fltt/1> F=F* y 70 
MffiSr^-To 0JAtf, lnmO)|frWB£Rj^3Xfl!>GaP(0. 
25) As (0. 75) £5nm0*&7^SE'&&aH). 6*<OAIN(0. 05)P 




(4) 4$Bl¥6-3 34 1 6 8 

5 

*a*« O&ttDAOF**? fc2. OeV £ ft 

£• *&, 3nmCO»^S^S^+2«^GaN(0.1)As(0.9) 
^3mDOfe^S'&S^-2XOGaN(0. 14)P(0.86)^3!Str 
«® LT h-*;«* 0 t LfcB«7Btt£fttt£0. 5e 

^*3l(t:oaS$S^*lC<t 0 h-^;i/^^ o t Lit* 
*/t > F** y^62*5 0 eVOWBTB fclC&SrT^ 
IN, ±eKWTtt»«««fcSiftffl^fc*«, SitH 
10 «*T3g*i»t<PbVJGaP*H»4AlPS<KI8aftffl^»TfeH 

[0 0 15] Si &lll-VSHb^«¥9lffC!»KMBB 

-6/tU GaAs0»&®ffi&te6. 0X10' -6A:ft0T63Ot: 
©*M8* T»arr * i:0. 2X(Dj»a^ 

H3J:DSffWPaS0m&jUI&n«. Matthe 

t»r*a*j«*r*«*rr«* ; FT«^*«±o. i*« 

5 ic^-r««reoffl^^si t#?&&m&zj: $ \zm 

tnaj;^ w, ^cTw^o.iMmei±oRi?$#"r 
*-«>ajafraoTii«a-c*, ^ic&^fc 

h-^;i/a^0i:L^je»^»(Oi:^^T 

[0016] 

# [£B«f] GfeBfll) *«a«TI4, NOS-FET(Metal- 
Oxide-Semiccmductor Fi e 1 d-Ef feet-Trans is tor) ^(OSi 

a-?*7-£i7j*7\ iii-vttfla¥*^aax^- 

1f^*-Hftl 0 0*^ III-VlS^S¥*flc<Dpin7 
* hi^f F*l 0 0*f tB-Siai*±lciHIL* 
«^*8Har»0EICtf^jaEUfc. 01lCOEICO*agKffia 
*^fo 01(a)MOS-FET<i:m«UfcSo^l/-lfy>f 
ai(b)(4M0S-FET&r^ESIST0Rtm«[b 
ftp\n7* h^*-FO«»T»<5. *0EICTI4, « 

[0 0 17] C^T, *0BICOffSWtttRll!TS. * 

lttnffl(lll)SiS«r»0, *©±lc»«»©ir9y F 
Stft^nliSiSl2 (D=lxiO < 18cn A -3,d=ltfm). zi7 
mtfo Z> nSS i a 13 (n=l x 10' 15cm' -3, d=l m m) $X bf 

•T^^tw37a?tft5@«CD(Sgffl3 lcn= 1 x 10' 18cm' -3 £ 
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7 

*C<om&m&M&bft&\ZnmS\mn (n=lxi0 4 18cm 4 - 
3, d=3 n m) £Bi£g;*it- 3 &SCD£8E&#ffl*±at$ 0 

ti37i*u &?mz&£mz?zmh-e%ytiM&*8 

[0 0 18] &K1i^$7£ft^TS$«£LT, *tt 
tC7-T V U—>3 >CO&fcB£ftALT»tt£KcDp!!S 

[0 0 19] jfcfc, III-VKX^«»*7ffft«Rdft 

Hl(a)fc*UT, 15(*n^GaN(0.03)P(0.97)Ay:7 
rB (D=lX10 4 18cn*-3,d=0.1/im), 16\tm*m#& 
mm$7- (d=1X10 , 18cb , -3) , 17ten$!CaN(0.03)P 
(0. 97) ZvyYM (n=l x 10* 18cm* -3) , \mj>Y- 
7iSttJi, 19tSp^GaN(0.03)P(0.97)^y KB (p=lx 

io* i8cm 4 -3) , 2mj>m*mft£mm$7- (p=ixio 4 i 

9cm 4 -3) , 21«^SGaN(0.19)As(0.81)3>^^hB 
(d=0. lam)Tfc* 0 F^r-V y ^*2*^ 

ft*U*6ft** *lHlK0»»T*^Si(Eg=l.leV)^ 
5MT^^n«^^^V^T*^«09T«^WtCO.8e 
V : 1. 55 /z m) <D/t > F * * y :/£#t>2nmCD»?;F 
fi££#-lXCDGaN(0. 07)P (0. 93) £lmnO»T*£'&a&* 
+2X<Z)GaN<0. 10) As (0. 90) L ££**f 

ft^Il^fc. -tOff$«^«ft:*TR^l/4ftgi:^ 
S«tc33^MS«(HLd=100naitL^:. l&gftfig 

&m%?zft&*7-m&m&ttsiZ>m<D>77y fb 

¥$#*Tl/4»gJP3(DiSJBtf$GaN 
(0. 03)P(0. 97)@ t¥»«:*Tl/4Kg^$ WfiJB5f*Al 

Nfo.tMjpco.g^e^s^ffleuTSi^^n^o 

&99XK±tCT^AlC^^-SO«@lHl»^20IeItL 

fc&K, i>ffl5?Hitt|^*fcTtf*fc»Kii=lx 
10 4 19cm 4 -3tiS«aH-t:>^fToT^-5 tt pi 
n^^h^^-Ffc^ViTjfi^*, pin:7*h^:*- 
FOfigtt5tfmT&*. Hl(b)lC*HT\ 22KtnS!GaN 
(0. 03) P (0.97) IB (n=2X10 4 18cn 4 -3,d=1.0tfmh 23te 
^a&MICO. 5eVOA*> F** y 7*»:32nm©*^ >F»& 
S#-2X<Z)Gaff (0. 14)P(0. 86) t2m<D%?^&$m&+2% 
OCaN(0. 10) As (0. 90) £££iC«B Lfc/ > F-7£* 
ffl<R^j@*&Te (D=lxi0'15cn 4 -3.d=0.5/rm). 24tep 
SGaN (0. 03)P (0. 97) M (p=2 x 10 4 18cd 4 -3 f d=l. 0 u 
m) , 25«^SAl(0.50)Ga(0.50)N(0.19)As(0.81)3 




5) $$§B¥6-3 3 4 1 6 8 

8 

y$ZYm (d=0.1/*m)T&*. 5V)tV— tf^f^-F 
&^pin7^hy>f^— K^Wflcf^e^ «X7-X 
fl-^Bx K * * v'-gfi ^TSSS b Tl x 10* -6Tor r 
<W$M£*T!m$bdLEc2i*tz. Si<D&&T!\mft\Z\t£ 

mft\Z\t7*7,y4>mf7)Vls>^ -5-LTN£OK» 
nSF-A>K vmY-rt>V<D®&\Z\$*:ti?ti 

m<cTs\t& : f'mG'?z>£5\znmt<nT^z>. to 
tt&7a±x<D<£m&mmz&\,>Ts\t<D&?& 

[0020] c5isTiii-mx*mftm?*Mi&Lits 

tttm?\ZA\ RlfS i 02^^ ^T£SE 

a? [0021] ftstz, XHRfcs^-tffrt-rsfcaftfc 

[0 0 2 2] ^COOEIC^Kf^HSSrUa^-r^. u 

-iW-f HBfftffiMOS-FETCOy- httWC«B£«Sr9 

JDS tl* £ffi383fc * #4 H wfcwtxs n, 
l/— •fJBB-r*. l/-1f*ttSI»*ftK:*ltStU 45° 

n$^tCCCOSEE^tM0S-FETTii«$n, 

[0023] mmm2) m$\z*fm*mmhtzmK 
(om&wimm^'ro si-mos mtmm^ytu-if^ 
*- H^ftaanfcRjtaBa 6 (a) ^si-mos FETXt^s 

a^tfpars-witbT, p3!(5ii)SiSffi(c-f^>tt 
A&ff^o me\z^rm\z7^vu-^3><D^\z?^ 

T?ffl©III-V|ia£*»**?03>^irhJB, M0S-FET 

iii-vi^*»**?«*a«j«fiicj:o»rt-r*. «j 

H6(a)IC«DT* 41«p^GaN(0.03)P(0.97)A*-/7 
7l (p=lxi0 4 18ca 4 -3,d=aiMm), 42RtM6li^n-e 
tlpl!Sr;Dl/cDAlN(0.04)P(0.96)^^!y (p,n=lxi 
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0*18cm 4 -3,d=1.0/im) , 43Xt&5[4^*l-6npl!RtAi 
ScOAlGaNP^f-r H@ (p,n=5xi0 4 17cn 4 -3,d=0.03Mm) 
-nhmfiL*&QcZ#Z>mz £ D/t> K** y 7&ny$ 
} ) yZizMfcZltmmmn (Graded-Refractive-Index) 
m&t&<oT^Z* 44Hl0nmW*& : F^S&ffi^0JiSCDGaN 
(0. 03) P (0. 97) /t U 7® 1 1. 5wn0»^*g^&at+2X<Z>G 
aN(0. 10) As (0. 90) ^x;WI£2. S^^SICSS LTz& 

24 /zm), 47l4Si3>^h@ (n=lxi0 4 19co 4 -3,d=0. 1 
Zft&LTU-lf^*- Kj^/ST S. #liggJ430 

HOfiS«10MmT*^o 06(b)IC*5^T, 48t4p$!Ga 
?rty7ym (p=2xi0 4 lM=0.0Umh 49l4pI!GaN(0. 
03)P (0. 97) A*77rS (P=2 X 10 4 18cd' -3, d=l. 0 u m) , 
50«^«(X0. 8eV(D/\*> F** y 7£J$C>2iimC0»T>f; 
&£gj&MX(DGaN(0. 07)P(0. 93) £lnm<0»^F!BP&£7>t 
+2X©GaN(0. 10) As (0. 90) fcSSICfcl L£nSj&;*7*i« 
£!j@te^fcKiRB (p=ixi0'15cn 4 -3,d=0.3/im), 51*4 
msmmmua (D=2Xl0 4 17cni 4 -3,d=0.05MmX 52t4 
nMSimmm (D=2xi0 4 15cn 4 -3,d=0.lMmh 53f4n£!Si 
*r*yZfm (n=2xi0 4 18cni 4 -3,d=1.0//mK 54t4nS!Si 
3>^^ \>m (n=2xi0 4 19cm 4 -3,d=0.1wm)T*^, 

[0 0 2 4] ff^-f*-KJfcOfp7*h^*-H 

**MM-a*fit fc¥«xe**s/-gg&fflvrcixi 

0'-5 TorrOi«SS^TJ8S^g$-t3-fe. SiCO^gT^ 

ft-rrat, ni^os»(cttx^;u*^r«^«^, prc;as 

nI!F-/X>k pfflH-/t>h©H»KI«- 

*is«Sjri»^e&w-jfi«T^sa(«-^T3oot: 

TSltlHHtet-SiifCBtfbft. C51,TIII-Vfc 
AI2ttfSi02«ffi^T*HEI6*fT^«»|slBftf^j6S-r 

So 

[0 0 2 5] CCDOEIC^Bf^K^^lft^-rSc U 

— !f 94 *~ KBKrfflMOS-FETcoy- hBSfcBEOTfl 

w-ifas-r*. i/— «f*tt«7 7-f Aicwxan, * 




6) 1$&B¥6-3 34 1 6 8 

JO 

[0 0 2 6] *llf«flT«»M2:«im£Aft«fifi 

TK*y7mT<Dm^mm\zmmLTh&^. 
[0027] mmms) **jswrtt, sistt±cw 

**. B7fc*^T, 61l4n9(100)Si£& (n=lxi0 4 18 
10 cm 4 -3.d=200/im) > 62l4nlBGaPA<;/7 7J3 (n=lX10 4 18 
cm 4 -3, d=0.01am)> 63J4nI!GaN(0.03)P(0.97My 7 
7M (n=lxl0'18ciD 4 -3 f d=0.5jtim), W*m*m#£> 
M&^y— (n=lxi0'18cm'-3) % %5\tnMS\2yy HH 
(n=lxi0 4 18cm 4 -3) , 66147 > K-:/gttB* 67t4pS 
Si^yKB (p=lxl0 4 18cn-3) . 68f4««##SK 
5 7- 69t4p3!SS, 70{4olJS«T&S. JSttBfCli 
g&SWKO. 8eVO»:l. 55 urn) <0/t> * y 
2nm©*-?*B£tf #-lX©GaN<0. 07)P(0. 93) £lnm(D» 
?*»£fl»*+2*0>GaN(O. 10) As (0. 90) SSfSfcSW Lfc 

l/4«* i * * $ 33$ J48«B L d= lOOnm thlt* nS^ 

fc. pffli^^y HS«fifii*^TtfSfe*ICp=2xl0 4 18c 
y-\t, *#*+Tl/4ftgJ9(DilfJS^GaN(0. 03)P(0. 

97) m t*m»^n/msmoummmk\m wm 9 

6)B^3?5tc8(®bT^Ufc. Ktt&%m&±\z? 

z>&\z$7-moms®m*2Q®tvft. mm#£>iam 

0 $9-tt, H«#*T1/««»S©RB»»7*^7 

rXSiHt»«fl:*Tl/4iSS^$<DfiJBST$Si02 , g^ 

ic^7-sco«si5i»«5ioii:bfc. mm#£sm$7 

fiV^T, SINtSi02, 7^7rXSitSiN, *WJTi 
02tSi02«r«V»Tt>6^. *aMWB62-67J4, «XV- 
X ft^mx. tf ^ * y-SB^ffl ^TMfc U Tl X 10 4 -7To 

^iieSSiS:, nSH— pH H— /X> h©H»tc»4 

in«©H*»C»4*JKft, PR^AsOMfilZ 147^X7/ 
>fttf7*S^>t. *UTN©IRft^tta*»^trf^ 

j«gmsf46oorTfTt>n, ^*»®^jB» 

?HR^-mTiasa(4-r^T300 , CTSi^:tt^S 
S. *SiS**H*fc£XAfcB«**BR*Ji«'f 



V 
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11 

TnmmmotimtLit. sate, mnw&zwfiL 

l/TWBfcSP- J *f-?4*-W%&?Z>. ? 
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